Abstract: Density (ρ) and viscosity (η) measurements were performed for 4-aminobutyric acid in 0.05, 0.10 and 0.15 M aqueous metformin hydrochloride at 308.15, 313.15 and 318.15 K. The measured values of density and viscosity were used to estimate some important parameters, such as the partial molal volume, V φ , the standard partial molal volume, V φ , the standard partial molal volume of transfer, ΔV φ , the hydration number, n H , the second derivative of the infinite dilution of the standard partial molal volume with temperature ∂ 2 V φ /∂T 2 , the viscosity B-coefficients, variation of B with temperature, dB/dT, the free energy of activation per mole of solvent Δμ 1 * and solute Δμ 2 * of the amino acid in a ternary system. These parameters were interpreted in terms of solute-solute and solute-solvent interactions and structure making/breaking ability of solutes in the given solution.
INTRODUCTION
Since several biological processes involve expansion and contraction of proteins molecules resulting from temperature and pressure variations in the living systems, resulting from fever, hypothermia, anaesthesia, etc., the study of these processes requires fundamental information about the volumetric properties of proteins.
Amino acids (AA) were considered as model compounds instead of proteins in the presence of aqueous salt solutions to obtain thermodynamic information, as the structure of proteins are highly complicated. [1] [2] [3] [4] [5] Some amino acids in the presence of aqueous minerals, such as CaCl 2 and NaCl, are available in literature. 6, 7 130 RAJAGOPAL and JAYABALAKRISHNAN As pointed out by Iqbal et al., 8 although a great amount of volumetric data for amino acids has been reported in literature, they were obtained at 25 °C; it is understandable that much more relevance and significance can be achieved by studying compounds of biological importance (amino acids) at temperatures close to physiological temperatures, namely 35 °C (308.15 K), which is close to the optimum temperature of several living species. Recently, the results of volumetric and viscometric studies of 4-aminobutyric acid in aqueous solutions of salbutamol sulphate at various temperatures were reported. 9 A literature survey shows that the study of amino acids in the presence of aqueous metformin hydrochloride has not hitherto been reported. Thus, in this paper, the volumetric and viscometric data of 4-aminobutyric acid in aqueous metformin hydrochloride solutions at three different temperatures (308.15 to 318.15 K) are reported.
Metformin hydrochloride (C 4 H 11 N 5 HCl) is an antidiabetic and antihyperglycemic agent 10, 11 that covers both basal and postprandial elevated blood glucose in patients with non-insulin dependant diabetes mellitus (type 2 diabetes), whose hyperglycemia cannot be satisfactorily managed by diet alone. In continuation of an earlier work on metformin hydrochloride, 12 in this paper, the density (ρ) and viscosity (η) data of 4-aminobutyric acid in aqueous metformin hydrochloride solutions at three different molar concentrations are reported. As hydration effects are known to be very sensitive to temperature, [13] [14] [15] [16] both volumetric and viscometric studies are reported at three temperatures, i.e., 308.15, 313.15 and 318.15 K. Different physical parameters, such as partial molal volume, V φ , standard partial molal volume, standard partial molal volume of transfer, ΔV φ , hydration number, n H , second derivative of infinite dilution of the standard partial molal volume with temperature ∂ 2 V φ /∂T 2 and the viscosity B coefficient were calculated using the Jones-Dole equation 17 and the free energies of activation of viscous flow Δμ 1 * and Δμ 2 * per mole of solvent and solutes 18 were, respectively, estimated. All these parameters are used to discuss the solute-solute and solute-solvent interactions occurring in the ternary (4-aminobutyric acid + metformin hydrochloride + water) system as well as the structure making/breaking tendency of the solute (AA) in the given solution.
EXPERIMENTAL
The 4-aminobutyric acid (Otto Chemicals Ltd., Bangalore, minimum assay +99 %) employed in this study was of analytic grade and was used without further purification. However, it was dried over P 2 O 5 in a desiccator for 72 h before use. Analytic grade metformin hydrochloride (Accuumen Pharmaceuticals, Pondichery, minimum assay 99.5 %) was used as such without any pre-treatment. Doubly distilled, deionised water with a conductivity of 1.5×10 -4 Ω -1 m -1 was used in the experiments and was degassed prior to making the solutions. The densities of the solutions were measured using a single stem pycnometer (Pyrex glass) of bulb capacity of 8×10 -3 dm 3 having a graduated stem with 5×10 -7 dm 3 divisions. The marks on the stem were calibrated with doubly distilled water. The weighings were realized 4-AMINOBUTYRIC ACID IN AQUEOUS SOLUTIONS OF METFORMIN HYDROCHLORIDE   131 by taking the samples in airtight bottles on a high precision electronic balance (A & D model HR300, Japan) with a precision of ±0.1 mg. The reproducibility of the density measurements was ±2.8×10 -5 kg m -3 . 9 Uncertainty values related to measured density data are calculated based JCGM 100:2008. The viscosities were measured by means of a suspended level Ubbelohde viscometer with a flow time of approximately 161 s for distilled water at 308.15 K. The time of flow was measured with a stopwatch capable of recording ±0.01 s. An average of three to four sets of flow times for each solution was taken for the calculation of the viscosity. The overall experimental reproducibility was estimated to be ±1.9×10 -3 mPa s. 9 As the flow times were greater than 100 s, kinetic energy corrections were not necessary. 19 The pycnometer filled with air bubble free solutions and Ubbelohde viscometer filled with test solutions were allowed to stand for about 30 min in a thermostatic water bath so as to minimize thermal fluctuations. The temperatures of the solutions were maintained to an accuracy of ±0.01 K (Eurotherm, Mittal Enterprises, New Delhi, India) in an electronically controlled thermostated water bath. The data on the density and viscosity for doubly distilled water at the studied temperatures were compared with the literature values (Table I) . 20 The fair agreement between the measured and the literature values validated the experimental procedures. Table II . The partial molal volumes, V φ , of the amino acid were calculated using the following equation:
where M, m, ρ and ρ 0 are the molar mass of the solute, the molality of the solute, and the densities of the solution and solvent (aqueous solution of metformin hydrochloride and water), respectively. The calculated values of V φ are also included in Table II .
The reported values of the apparent molal volume data for amino acids may generally be represented by the linear equation: 21 V
where V φ is the standard partial molal volume at infinite dilution (V φ = V φ ) and S V is the experimental slope. However, in those cases where there is a non-linear dependence of V φ on m, as in the present case, the V φ values are calculated by taking the average of all the data points. 22, 23 The values of V φ of the amino acid in water at the studied temperatures are given in Table III The standard partial molal volume of transfer, ΔV φ , for 4-aminobutyric acid for pure water and for the metformin hydrochloride-water mixtures were calculated using Eq. (3):
The results are given in Table IV . It can be seen from Tables III and IV that the values of V φ and ΔV φ for 4-aminobutyric acid are positive and increase monotonically with the molal concentration of metformin hydrochloride and temperature. The value of V φ is by definition free from solute-solute interaction and therefore provides information regarding solute-solvent interactions. 28 The posi-tive ΔV φ may be qualitatively interpreted as follows. It is well known that solute-solute interactions are absent at infinite dilution and therefore the observed standard partial molal volume of transfer ΔV φ are due to the solute-solvent interactions. The nature of interactions between amino acids and metformin hydrochloride can be classified as follows: 29, 30 i) Ion-ion interactions between C 4 H 11 N 5 H + of the co-solute and the COOgroup of AAs.
ii) Ion-ion interactions between Cl -of the co-solute and the NH 3 group of AAs.
iii) Ion-non polar group interactions between the co-solute and AAs. According to the co-sphere overlap model, 31 the first two types of interactions will produce positive ΔV φ values, whereas the last type of interactions results in negative ΔV φ . The observed positive ΔV φ values in this work can thus be related to the predominance of first two types of ion-ion interactions over the last ion-non polar interactions. Similar conclusions were drawn by Yan et al. 4 in their studies of AAs in aqueous CaCl 2 solutions. Due to the interactions between the ions in metformin hydrochloride and the zwitterionic centres of 4-aminobutyric acid, the electrostriction of the water molecules lying in the proximity of the NH 3 + and the COO -centres of the amino acids would be diminished and consequently lead to a positive volume contribution. 32, 33 Alternatively the standard partial molal volume of the amino acid may be considered 34 to be the sum of van der Waal's volume (V VW ) and the volume associated with voids (V S ) or empty space minus the volume due to shrinkage (V S ) that arises due to the electrostriction of solvent caused by the hydrophilic groups present in the amino acid. The presence of metformin hydrochloride in water decreases the extent of the electrostriction caused by the amino acid, which results in a decrease in the shrinkage volume. Assuming that V VW and V V are not significantly affected by the presence of metformin hydrochloride, an increase in the V φ values and, hence, in the ΔV φ values may be attributed to a decrease in the electrostriction effect. This electrostriction effect is reflected in the values of the hydration number, calculated using the standard equations in the literature, [35] [36] [37] [38] which are listed in Table V . It should be noted here that the difference between the molal volume of electrostricted water, V E , and molar volume of bulk water, V B , at 308.15 K reported by Lark et al. 36 and Romero et al. 39 was used in the present calculations of n H at all the studied temperatures. It can be seen from Table V that the hydration number n H of the amino acid decreases with increasing concentration of metformin hydrochloride and of temperature, which again substantiate an increase in solute-co-solute interactions. Furthermore, this establishes the fact that metformin hydrochloride has a dehydration effect on 4-aminobutyric acid. Wadi and Ramasami 3 reported a similar decrease in n H values for a few amino acids with increasing concentration of sodium sulphate and temperature. The transfer volumes of 4-aminobutyric acid may also be expressed by the McMillan Mayer theory 40 of solutions, which permits the formal separation of the effects due to interactions between pairs of solute molecules and those due to interactions between three or more solute molecules by the following equation.
where A stands for the amino acid and H stands for metformin hydrochloride. V AH and V AHH are the pair and triplet volumetric interaction parameters, respectively. Using the above equation, the volumetric interaction parameters were estimated and are given in The structure making/breaking property of the solute (AA) in aqueous metformin hydrochloride may be determined from the temperature dependence of the standard partial molal volume at infinite dilution. This study was further used to interpret the effect of the hydrocarbon chain on the structure of water using the general hydrophobicity criteria proposed by Hepler. 41 According to the criteria, the behaviour of the second derivative of the infinite dilution standard partial molal volume with temperature is related to the hydrophobic or hydrophilic character of the solute. When ∂V φ /∂T > 0 and ∂ 2 V φ /∂T 2 < 0, the solute has hydrophilic character. However when ∂V φ /∂T > 0 and ∂ 2 V φ /∂T 2 < 0, the solute has hydrophobic character. 42 In order to obtain the hydrophilic or hydrophobic character of 4-aminobutyric acid in aqueous metformin hydrochloride solutions, the experimental values of V φ were related to temperature T using the following quadratic equation: 43
The coefficients a, b and c were determined and Eq. (5) has the following forms for the amino acid at three concentrations of metformin hydrochloride reported in this work. Thus, from Eq. (6), it can be observed that the values of ∂ 2 V φ /∂T 2 are positive for all three concentrations of metformin hydrochloride, indicating the structure-making ability of 4-aminobutyric acid in aqueous metformin hydrochloride solutions. 44 This further supports the supposition that the charged end groups of amino acids are the predominant factors for the temperature dependence of V φ values of amino acid.
The viscosity data obtained in both water and aqueous metformin hydrochloride solutions as a function of the amino acid concentration and the temperature:
are given in Table VII, 
where c is the molar concentration (calculated from the molality data). The values of viscosity B-coefficient are summarized in Table VIII.   TABLE VII Viscosity B-coefficients are important for a number of reasons. 47 Their application in two research areas is of interest. First, the viscosity B-coefficient provides information about the solvation of solutes and its effects on the structure of the solvent in the near environment of the solute molecules. Furthermore, some activation parameters of viscous flow can be obtained using the viscosity B-coefficient. The viscosity B-coefficient, originally introduced as an empirical term, was found to depend on solute-solvent interactions and on the relative size of the solute and solvent molecules. 48 Larger and positive viscosity B-coefficient values indicate a structure making action (hydrophobic and hydrogen bonded actions) of the solute on solvents. 22 It can be seen from Table VIII that the viscosity B-coefficient values are positive, indicating the structure-making ability of 4-aminobutyric acid and the presence of strong ion-solvent interactions. The viscosity B-coefficient values decrease with increasing temperature; hence, their temperature derivatives 49 , i.e., dB/dT, are negative. The sign of dB/dT gives the information of structure making/breaking property of the solute in the solvent media, 50 rather than simply the viscosity B-coefficient. It can be seen from Table  VIII that dB/dT are negative for 4-aminobutyric acid, thereby showing the structure-making ability of amino acid. Thus, 4-aminobutyric acid can be classified as a structure maker in aqueous metformin hydrochloride solutions. The charged groups of the amino acid in the present investigation electrostatically influenced the surrounding water, resulting in the formation of a solvent structure through hydrophobic hydration. These conclusions are in excellent agreement with the conclusions drawn from ∂ 2 V φ /∂T 2 discussed earlier.
In order to obtain the relationship between the viscosity B-coefficient and free energy activation parameters, the Eyring simple model 51 
Eq. (11) can be rearranged to give:
where V 1 = Σx i M i /ρ is the mean volume of the solvent and V 2 (V φ ) is the standard partial molal volume of the solute at infinite dilution. The terms x i and M i denote the mole fractions and molecular weights of water (1) and metformin hydrochloride (2) . The calculated values of Δμ 1 * , Δμ 2 * and V 1 are given in Table IX . It may be seen from Table IX that the values of Δμ 2 * are positive and larger than Δμ 1 * , indicating the structure-making ability of the solute 52 (namely the amino acid) in aqueous metformin hydrochloride, again supplementing the earlier findings through the ∂ 2 V φ /∂T 2 and dB/dT studies. Furthermore, the larger Δμ 2 * values indicate the presence of stronger ion-solvent interactions. In other words, the formation of the transition state is less favoured in the presence of the amino acid. This means that the formation of the transition state is accompanied by the rapture and distortion of the intermolecular forces in the solvent structure. Similar results were obtained by Mishra et al. 53 for glycine in aqueous solutions of transition metal chlorides.
According to transition state theory, 46 every solvent molecule in one mole of solution must pass through the transition state and interact more or less strongly with solute molecules. The activation free energy Δμ 2 * includes the free energy of transfer of solute from the ground state to the transition state solvents (ΔG 2 (1→1')) and the free energy of the solute through its own viscous transition state (ΔG 2 (2→2')). The values (ΔG 2 (1→1')) may be calculated using methods similar to those reported elsewhere. 18, 52 These values are given in Table X. The positive Δμ 2 * and ΔG 2 (1→1') values are larger than the Δμ 2 * values. Furthermore, both Δμ 2 * and ΔG 2 (1→1') increase with increasing concentration of the co-solute, as well as with increasing temperature. This suggests that the formation of transition state is less favoured in the presence of amino acids. This is due to the breaking and distortion of intermolecular bonds, which effectively means that more solute-solvent bonds must be broken to form the transition state. Similar reports are available in literature for α-amino acids in aqueous sodium acetate solution. 53 In summary, volumetric and viscometric data are reported for 4-aminobutyric acid in different concentrations of aqueous metformin hydrochloride solutions. The standard partial molal volume V φ , standard partial molal volume of transfer V φ , hydration number n H , second derivative of the standard partial molal volume at infinite dilution with temperature ∂ 2 V φ /∂T 2 were determined and are reported. These results showed that 4-aminobutyric acid acts as structure maker in aqueous metformin hydrochloride solutions and that strong solute-solvent interactions occur in the reported systems. The viscosity B-coefficient, variation of the viscosity B-coefficient with temperature, dB/dT and the free energy of activation per mole of solute, Δμ 2 * , values were also calculated and reported. These results also confirmed the structure-making ability of 4-aminobutyric acid in aqueous metformin hydrochloride. Standard partial molal volume of the amino acid V 1 Standard mean volume of the solvent V 2 Standard partial molal volume of the solute V B Standard partial molal volumes of water in the hydration shell of a solution
